Abstract Purpose:To evaluate the expression of cathepsin K (CTSK) and CXCL14 in stromal and epithelial cells in human breast tumor progression. Experimental Design: We did immunohistochemical analyses of CTSK and CXCL14 expression in normal breast tissue, biopsy sites, benign lesions, ductal carcinoma in situ, and invasive breast tumors of different stages. Expression patterns were related to histopathologic characteristics of the tumors and clinical outcome. The effect of CTSK+ breast stromal fibroblasts on CTSK-breast cancer cells was assessed in coculture. Results: Epithelial expression of CTSK was rarely detected in any of the tissue samples analyzed, whereas CXCL14-positive epithelial cells were found in all tissue types.The expression of CXCL14 was not associated with any tumor or patient characteristics analyzed. Stromal CTSK expression was significantlyhigherininvasive compared with in situ carcinomas, andinone of thetwo datasets analyzed, it correlated with higher tumor stage. Among all samples examined, the highest stromal CTSK levels were detected in biopsy sites. Neither epithelial nor stromal expression of CTSK was significantly associated with recurrence-free or overall survival. Coculture of CTSK+ fibroblasts enhanced the invasion of CTSK-breast tumor epithelial cells and this was blocked by CTSK inhibitors. Conclusions: CTSK may function as a paracrine factor in breast tumorigenesis. CTSK+ fibroblasts may play a role in tumor progression by promoting the invasiveness of tumor epithelial cells. The possibility that CTSK inhibitors may have a clinical role in decreasing the risk of tumor progression merits further investigation.
DCIS-associated myoepithelial cells and in myofibroblasts.
Cathepsins and chemokines have been implicated in tumor progression and the feasibility of their therapeutic targeting is currently being explored for cancer treatment.
Cathepsins are lysosomal cysteine proteases that have been implicated in tissue remodeling and angiogenesis and in the processing of certain hormones, transcription factors, and immunogens (7, 8) . The human cathepsin gene family is composed of 11 members [cathepsins B (CTSB), C, H, F (CTSF), K (CTSK), L (CTSL), O, S, V, W, and X/Z] each with their unique as well as overlapping function as revealed by the phenotype of mutant mice deficient for individual genes or their combination. The activity of cathepsins is regulated at multiple levels including control of gene expression, protein activation, and association with cystatins that are potent protease inhibitors (9) . Recent studies implicated several cathepsins in tumor progression using an animal model of multistage carcinogenesis (8, 10) . Inhibition of cathepsin activity appears to be a promising therapeutic approach for the treatment of metastatic disease and inhibition of tumor progression (11) .
CTSK is highly expressed in osteoclasts and plays an essential role in bone remodeling as shown by the osteopetrotic phenotype of the CTSK-/-mouse (12) . Related to this, CTSK inhibitors have successfully been used in the clinic for the treatment of osteopetrosis-associated bone loss and preclinical studies have shown their effectiveness in reducing bone metastases of breast carcinomas (13) . Besides osteoclasts, CTSK is also highly expressed in a subset of leukocytes and in synovial fibroblasts in rheumatoid and osteoarthritis (14, 15) . Previous studies analyzing the expression of CTSK in human breast tumors described expression only in bone metastases (16) . However, in our previous studies, we found high expression of CTSK in breast tumor-associated myoepithelial cells and myofibroblasts, suggesting that CTSK may play a paracrine role in tumorigenesis (4) .
The CXCL14 (BRAK) is a chemokine with unknown function that was initially identified as a chemokine highly expressed in the kidney and breast (17) . Its receptor is still unknown, but CXCL14 has been shown to be a chemoattractant for monocytes, B cells, and dendritic cells and has also been implicated to play a role in the regulation of tumor cell growth, angiogenesis, and activation of NK cells (18 -22) . The phenotype of the CXCL14-deficient mice revealed no immunologic or other gross anatomic abnormalities, although homozygousnull mice were born at lower than expected frequency from heterozygous crosses (23) . However, CXCL14-/-mice were resistant to high fat diet-induced obesity and diabetes (24) . Associated with its potential role in obesity, CXCL14 was also shown to be induced by growth hormone, insulin-like growth factor, and insulin in hepatocytes and to enhance insulindependent glucose uptake in adipocytes (25) . Whether CXCL14 is induced by the same growth factors in other cell types, such as breast tumor epithelial cells, has not been investigated. In our previous study, we found high expression of CXCL14 in DCIS-associated myoepithelial cells as well as in the epithelial cells of a subset of breast carcinomas (4) . Thus, CXCL14 may contribute to breast tumorigenesis via multiple different mechanisms including both autocrine and paracrine effects.
To investigate the potential roles of CTSK and CXCL14 in breast tumor progression, we analyzed their expression in stromal and epithelial cells in a variety of normal and diseased human breast tissue samples including benign disorders and biopsy sites and in in situ, invasive, and metastatic breast carcinomas. The relationship between the expression of CTSK and normal and diseased human breast tissue specimens was examined in two data sets, one of which also had data on CXCL14 expression. The association of recurrence-free survival (RFS) and CTSK expression and other tumor and patients covariates was examined in another data set.
Materials and Methods
Tissue specimens and cell cultures. Human tissue specimens made into tissue microarrays were provided by Petagen, purchased from Imgenex, or constructed at the University of Michigan Cancer Center (UMCC) and at the Beth-Israel Deaconess Medical Center (BIDMC) as described previously (26) . Each of the four sources of tissue microarrays was associated with different data items. The BIDMC provided normal breast tissue of two types, benign breast tissue of three types, and biopsy site tissue; all these tissue types had CTSK expression measured in the stroma. The BIDMC also provided specimens with atypical ductal hyperplasia (ADH), low-to intermediate-grade DCIS, high-grade DCIS, infiltrating ductal carcinoma, and radial scar/complex sclerosing lesions; all these tissue types had CTSK expression and CXCL14 expression measured in both stromal and epithelial cells. All of the tissue microarrays from BIDMC are referred to as the BIDMC data set. Tissue microarrays provided by Petagon and purchased from Imgenex were made from tissue from Korean patients with invasive breast cancer (some ductal and some lobular). This data set (referred to as the Korean data set) included data on some patient and tumor characteristics, data on CTSK expression in stroma from all patients used in the analysis, and data on CXCL14 for about half of the patients (with 97% of the CXCL14 expression data being from stroma and 3% of the CXCL14 expression data being from epithelium). The UMCC provided tissue microarrays were made from tissue from stage I, II, or III invasive breast cancer; all the specimens used in analysis had CTSK expression measured in both stroma and epithelium. This data set (referred to as the UMCC data set) included data on some patient and tumor characteristics (many in common with the Korean data set) as well as data on relapse-free survival and overall survival. Expression of CTSK
Translational Relevance
The regulation of in situ to invasive carcinoma transition is a poorly understood yet clinical important step of breast tumorigenesis. Increasing evidence suggests that during tumorigenesis abnormalities occur not only in breast cancer cells but also in the surrounding stromal cells. A tumor is an abnormal organ with its own blood vessels, inflammatory, and supportive cells, and effective interaction among these cells is essential for the growth and maintenance of the tumor. Unlike cancer cells, stromal cells are thought to be genetically stable and therefore are less likely to develop resistance to cancer therapy. Thus, therapeutic targeting of stromal cells may be beneficial for cancer treatment. In this article, we provide evidence that stromal expression of CTSK may play a role in breast tumor progression. Specifically, CTSK may act as a paracrine factor to promote the progression of DCIS to invasive tumors. Thus, inhibition of CTSK activity may decrease the risk of breast tumor progression and should be explored further in clinical trials. -+  ++  +++  -+  ++  +++  -+  ++  +++  -+  ++  +++   Benign (NP)  5  8  4  3  ------------Benign (SA)  5  7  5  3  ------------Benign (UDH)  3  6  8  3  ------------Biopsy site  0  0  4  16  ------------Normal (inter)  4  9  7  0  ------------Normal (intra)  1  8  11  0  ------------ADH  8  5  4  0  15  0  1  0  2  12  3  0  10  4  2 and CXCL14 was scored on a scale of +, ++, and +++. The highest score (of the three or four replicates) was used for statistical analysis and staining was considered to be positive if the highest score was ++ or +++ and considered to be negative if the highest score was -or +. The only exception was CXCL14 expression in the Korean data set, whereas any level of positivity (+, ++, and +++) was considered positive due to the low number (four cases) of samples with ++ and +++ scores.
Breast cancer cell lines were obtained from the American Type Culture Collection; SUM series of breast cancer cell lines and the MCF10ADCIS.com cells (referred to as MCFDCIS) were generous gifts of Dr. Steve Ether (University of Michigan) and Dr. Fred Miller (Karmanos Cancer Institute), respectively. All cell lines were grown in medium recommended by the provider. Fresh, frozen, or formalinfixed, paraffin-embedded tumor specimens were obtained from multiple sources: the Brigham and Women's Hospital, BIDMC, and UMCC. Primary stromal fibroblast cultures were established and maintained as described (5) . All human tissue was collected using protocols approved by the institutional review boards. Samples with clinical follow up data (UMCC cohort) were collected with informed consent.
RNA isolation and Northern blots. Total RNA was prepared using a guanidium cesium chloride method (4) . Northern blot analysis was done as described (27) .
Immunohistochemical and immunoblot analysis. Immunohistotochemical analyses of CTSK expression was done essentially as described (28) using monoclonal anti-CTSK antibody clone CK4 (Vision Biosystems), whereas staining for CXCL14 was done following a protocol provided by Dr. Galina Shurin (University of Pittsburgh; ref. 20) . Western blots were done using cell lysates and antibodies to CSTK (clone CK4), CTSL (clone 13C2), CTSB (clone CB121), and CTSF (clone CTF12) all from Vision Biosystems. The expression levels were analyzed blindly and independently by breast pathologists and classified into -, +, ++, and +++ following a previously validated scoring schema (26) .
Cell proliferation, migration, and invasion assays. To determine the effect of cathepsin inhibitors on two-dimensional cell growth, we plated 2,000 cells per well in a 48-well plate and grew them in their regular growth medium (control) or with different concentrations of the inhibitors. Cells were counted (two wells per time point) on days 1, 3, and 6 after plating. Proliferation assays in three-dimensional culture were done essentially the same way. To determine whether inhibition of cathepsin activity influences cell migration and invasion, we tested cells using Biocoat Matrigel invasion chambers (BD Biosciences) essentially as described (29) . For invasion assays, we plated 2.5 Â 10 4 cells per well and assayed 36 h later, whereas, for migration assays, we used 2.5 Â 10 4 cells per well in Biocoat plates without Matrigel and determined cell numbers 12 h later. The inhibitors were added at different concentrations (0.33-20 Amol/L) in both top and bottom wells of the assay at the time the cells were added. All of the above-described experiments were repeated at least three times. CTSB inhibitor IV, CTSL inhibitor, CTSK inhibitor I were purchased from Calbiochem, whereas other CTSK inhibitors were provided by Dr. Johann Zimmermann (Novartis Pharma).
Statistical analyses. The BIDMC tissue samples were collected from breast cancer patients and patients who underwent breast reduction surgery. Some cancer patients had multiple lesions and also multiple blocks of the same lesion. Tissue samples of different lesions from the same patient were treated as independent samples in the analysis. For patients with more than one tissue sample of the same histology, one of the samples was randomly selected for analysis. Each of the patients with a normal interlobular tissue specimen also had a normal intralobular tissue specimen; thus, the comparison of CTSK expression levels in these two tissue types used a paired test (McNemar) to assess whether one of the two types of discrepancy was significantly more common than the other. McNemar's test was also used to compare CTSK expression levels in the stroma and epithelium (when available in the same patient) and to compare CXCL14 expression levels in the stroma and epithelium (when available in the same patient). Few patients in the BIDMC data set had specimens from two or more of the other tissue types (legend of Table 1 show the numbers of patients who had each relevant combination), so the comparison of expression levels in these tissue types was unpaired, used Fisher exact tests, and was based on treating results from different tissue types in a single patient as independent. The distribution of the expression levels and the available data on CTSK and CXCL14 expression levels in stroma and epithelium for each tissue type are summarized in Table 1A and Supplementary Table S2 . Except for CTSK expression in stroma, there were very few tumor samples with expression levels classified as ++ or +++ (as shown in Table 1A ) and only these two categories were defined as positive. Therefore, no comparisons between tissue types were done for CTSK expression levels in epithelium, CXCL14 expression levels in stroma, or CXCL14 expression in epithelium. The Holmes correction was used to adjust for multiple comparisons of CTSK expression in stroma for various tissue types in the BIDMC data set.
The Korean data set (merged from two separate commercial sources) consisted of 217 patients, of which 146 were included in the analysis. Reasons for exclusion included male patients (4), T 4 stage (7), lymph node metastasis (10), normal tissues (23), papillary carcinoma (10), DCIS (8) , phyllodes tumors (6), postexcisional biopsy (1), and lack of gene expression levels (2) . Not all patients had both CTSK and CXCL14 measured, and not all patients had the same prognostic factors recorded, so the sample sizes for the comparisons varied. Some patients had two replicate scores for a given gene expression level, and the higher score was used for analysis. Fisher's exact test and a step-up logistic regression (using the likelihood ratio test) were used to assess the relationships between CTSK or CXCL14 expression levels and tumor and patient characteristics. As with the BIDMC data, CTSK expression levels were dichotomized for analysis as negative (including -and +) and positive (including ++ and +++). There were no tumor samples with +++ CXCL14 and very few tumor samples with CXCL14 in the ++ category; therefore, CXCL14 expression levels were dichotomized as positive (including +, ++, and +++) or negative for analysis. There were no corrections for multiple comparisons in the analysis of the Korean data set.
In the UMCC data set, a total of 141 patients had both CTSK expression levels and clinical data available. Among the 141 patients, 11 patients were excluded from the main analysis due to the following reasons: date of diagnosis was >1 month after date of surgery (4), inflammatory cancer (1), M 1 stage (3), and T 4 stage (3). Table 2 shows the overall distribution of CTSK expression levels in stroma and epithelium. As with the BIDMC data, the CTSK expression levels were dichotomized as negative (including -and +) or positive (including ++ and +++). To assess the association of tumor and patient characteristics on CTSK expression levels, Fisher's exact test and a step-up logistic regression were used. For the analyses of RFS, the Kaplan-Meier curve estimate and a step-up Cox proportional hazards regression model were used. For both models, variable selection was based on the likelihood ratio test. There were no corrections for multiple comparisons in the analysis of the UMCC data set. 
Results and Discussion
Expression of cathepsins, cystatins, and CXCL14 in normal and neoplastic human breast tissue. Based on our serial analysis of gene expression of different cell types composing normal breast tissue and in situ and invasive breast carcinomas, we found that several cathepsins (CTSB, CTSF, CTSK, and CTSL) and CXCL14 chemokine were dramatically up-regulated in DCIS myoepithelial cells compared with normal myoepithelium (4). In addition, myofibroblasts of both in situ and invasive carcinomas expressed several cathepsins at very high levels, whereas tumor epithelial cells were largely negative for most genes with the exception of CTSB, which was highly expressed in most cell types in tumors ( Fig. 1A; Table 3A ). Interestingly, among epithelial cells, only the CD44 + stem cell-like cells had significant CTSK and CXCL14 expression correlating with our prior data implying a role for these cells in invasion and angiogenesis (30) . Besides cathepsins, several cysteine protease inhibitors including cystatin C were also up-regulated in DCISassociated myoepithelial cells and myofibroblasts raising the possibility that alterations in cysteine protease balance in epithelial and various stromal cells composing the microenvironment may contribute to breast tumor progression by promoting invasion.
To test this hypothesis, we had to identify suitable models of human breast cancer. Thus, we first analyzed the expression of CTSB, CTSF, CTSK, and CTSL in human breast cancer cell lines, freshly isolated (uncultured) organoids, and primary cultured fibroblasts derived from normal breast tissue and breast carcinomas ( Fig. 1B and C; Supplementary Table S1 ). Correlating with our serial analysis of gene expression data in primary human breast tissue samples, CTSB and CTSL were highly expressed in most breast cancer cell lines, whereas no significant expression of CTSF and CTSK were detected in most of the cell lines tested (Fig. 1B) . We also analyzed several breast cell lines and primary cultured breast stromal fibroblasts by immunoblot to correlate mRNA levels with protein levels and activation status. Correlating with the Northern blot data, CTSF and CTSL were expressed in most cells, whereas high CTSK protein levels were only detected in primary cultured fibroblasts derived from normal and neoplastic breast tissue (Fig. 1C) . The restricted expression of CTSK to breast stromal fibroblasts was also confirmed by immunohistochemical analysis of human primary DCIS and xenografts derived from the MCFDCIS cell line ( Fig. 1D; ref. 31) .
Effect of cathepsin inhibitors on cell proliferation, survival, migration, and invasion. To begin dissecting the functional relevance of high cathepsin expression in breast tumor epithelial and stromal cells, we analyzed the effect of several cathepsin inhibitors on the proliferation, migration, and invasion of breast cancer cell lines selected based on their expression pattern of the various cathepsins. Proliferation assays were done in both two-dimensional and three-dimensional conditions; in the latter case, the cells were embedded in Matrigel. We found that high concentration (20 Amol/L) of cathepsin B inhibitor inhibited the growth of all cell lines tested, whereas lower doses had no discernable effect. CTSL inhibition did not have an effect on cell proliferation at any concentration tested, but at 10 Amol/L it appeared to alter the morphology of MDA-MB-435 cells growing in Matrigel ( Fig. 2A) potentially by reducing the invasiveness of the cells. To test this hypothesis, we analyzed the effect of cathepsin B and L inhibitors on the migration and invasion of MDA-MB-435 cells at a concentration that did not affect cellular proliferation in three-dimensional cultures. Neither inhibitor had significant effect on cell migration, but both very potently (Fig. 2B) , suggesting that up-regulation of cathepsin B and L expression in breast tumor cells may promote their ability to degrade extracellular matrix and enhance their invasive and metastatic behavior.
CTSK was not expressed in any of the breast cancer cell lines we tested, but it was highly expressed in primary cultured breast stromal fibroblasts (Fig. 1B) similar to what we observed in the majority of primary breast tumors. This expression pattern raised the hypothesis that CTSK may influence tumor epithelial cell behavior via paracrine interactions. To test this hypothesis, we cocultured CTSK-expressing breast stromal fibroblasts with MCFDCIS cells (31, 32) , a noninvasive breast cancer cell line in Matrigel. Coculturing MCFDCIS cells with breast stromal fibroblasts dramatically altered the morphology of the cells (Fig. 2C) . MCFDCIS cells embedded in Matrigel formed small round acini, and only at later time points (after 8 days in culture), we observed occasional branching. Embedding MCFDCIS cells together with breast stromal fibroblasts resulted in the outgrowth of extensively branched structures (Fig. 2C) . This observation suggested that fibroblasts may enhance the invasiveness of MCFDCIS cells or alter the morphology of the forming structures and CTSK expressed in the fibroblasts may play a role in this process.
To test the hypothesis that fibroblasts enhance epithelial cell invasion, we did migration and invasion assays using MCFDCIS cells and breast fibroblasts. We infected the MCFDCIS cells with an adenovirus expressing green fluorescence protein for these assays to be able to differentiate between the two cell types.
Coculture with breast fibroblasts significantly enhanced the invasion of MCFDCIS cells but had no significant effects on their migration (Fig. 2D) . Addition of CTSK inhibitors had no effect on the migration of the cells but dramatically reduced the invasion promoting effect of breast fibroblasts on MCFDCIS cells ( Fig. 2D and E) . The proliferation of MCFDCIS cells was not affected by the CTSK inhibitors used at a concentration that inhibited invasion in cocultures (Supplementary Fig. S1 ).
In summary, these results implied that stromal CTSK expression may play a role in breast tumor progression by promoting invasion, and as a consequence of this, it may influence the clinical outcome of breast cancer patients.
CTSK and CXCL14 expression in normal, benign, and malignant breast lesions. To determine the expression of CTSK in breast tumor progression, we analyzed its expression in normal breast (interlobular and intralobular stroma), in various benign lesions including usual ductal hyperplasia (UDH), sclerosing adenosis (SA), nonproliferative disease (NP), radial scar, biopsy sites, and in ADH, DCIS, and invasive and metastatic breast carcinomas from the BIDMC data set (Supplementary Table S2 ). We also analyzed CXCL14 expression in some of the tissue samples, including ADH, DCIS, radial scar, and infiltrating ductal, because our serial analysis of gene expression data indicated that CXCL14 and CTSK are coexpressed in the same tumor and cell types ( Fig. 1A ; Table  1A ). The associations between CTSK expression levels in stroma and tissue types are summarized in Table 1B ; representative images of immunohistochemical results are in Fig. 3A and B 0  4  2  0  1  0  0  2  3  32  43  20  26  17  19  18  24  41  58  72  45  3  13  3  30  53  39  54  35  29  21  34  41 0  0  1  0  3  2  2  13  8  13  0  0  0  1  1  47  16  23  49  67  21  34  5  16  23  17  3  1  2  7  16  76  112  39  48  186  32  0  4  23  13  14  10  10  18  12  9  23  8  9  0  0  0  0  1  0  0  0  0  0  0  0  6  4  4  1  0  0  1  0  1  0  0  0  0  1  0  1  0  0  1  2  1  0  0  1  2  0  0  0  1  1  1  2  5  3  1  1  3  3  0  0  0  2  0  0  1  1  0  0  0  0  1  0  2  1  1  0  3  0  0  2  0  1  1  0  1  0  1  0  0  2  1  3  2  6  0  1  4  2  1  3  3  5  6  5  4  0  3  6  2 3  1  3  0  0  1  3  2 5  1 3  5 1  3  0  9  1 4  1 1  7 5  8 9  5 3  7 1  2 7  2 2  2 0  1 6  2 0  4 8   CD24-PE2  CD24-IDC28  CD24-IDC26   MUC1-N2  MUC1-N3  MUC1-N4  CD44-N1  CD44-N4  CD44-IDC29  CD44-IDC28  CD44-PE2  CD44-ASC3  MYOEPI-N1  MYOEPI-N2  MYOEPI-N4  MYOEPI-DCIS6  MYOEPI-DCIS7  MYOEPI-N-IDC7  MYOFIB-IDC8  MYOFIB-IDC9  MYOFIB-IDC7   STR-N1  STR-N-IDC8  STR-IDC7  STR-DCIS6 (No tests were done for CTSK expression in epithelium or CXCL14 expression in either stroma or epithelium because of the paucity of positive levels for these cases.). No significant difference was found in stromal CTSK levels between high-grade and low-to-intermediate-grade DCIS. Infiltrating ductal carcinoma samples were more likely to have positive CTSK expression levels in the stroma than DCIS samples, but this was only marginally significant (P = 0.02; the cutoff after correcting for multiple comparisons would be 0.0071), although significant difference was found when expression levels were categorized into four categories (P = 0.004). No significant difference was found in CTSK positivity between DCIS and ADH tumor samples (Table 1B) . Among benign lesions, UDH had the highest percentage of positive CTSK expression levels, whereas radial scar had the lowest percentage, but the percentages of positivity among the four benign lesions were not statistically significantly different (P = 0.07). Comparison of all four types of benign tissue samples with normal tissues (including interlobular and intralobular stroma) was not significant (P = 0.55). In contrast, CTSK expression levels in biopsy site tissue samples were significantly (P < 0.0001) more likely to be positive than in normal tissue samples (including interlobular stroma and intralobular stroma). CTSK expression was always positive in biopsy sites, whereas 55% of normal tissue samples were negative. Similarly, CTSK was significantly (P < 0.0001) more likely to be positive in tissue from biopsy sites compared with DCIS and invasive breast tumors. CTSK expression in biopsy sites was always positive, whereas only 33% of DCIS and infiltrating ductal carcinomas were positive. The expression of CTSK in the stroma of biopsy sites indicates the recruitment of CTSK+ myofibroblasts to the tissue injury and a potential role for CTSK in tissue remodeling and wound healing via modulation of extracellular matrix degradation and angiogenesis.
Next, we compared CTSK expression levels (divided into the four categories: -, +, ++, and +++) between interlobular stroma and intralobular stroma within tissue samples from the same patient (Table 1C) . Nine patients had discordant expression of CTSK between interlobular and intralobular stroma. Among these 9 cases, there were 7 (78%) patients with higher CTSK expression levels in the intralobular stroma and 2 (22%) patients with higher CTSK expression levels in the interlobular stroma, but this difference was not statistically significant (P = 0.18). We also tested if the expression levels of CTSK and CXCL14 (each divided into four categories) were different between stromal and epithelial cells within the same tissue sample to determine if their expression in the different cell types is coregulated. Among all tissue specimens analyzed, 85 samples had CTSK expression levels determined both in the stroma and in the epithelium. Among the 63 discrepant pairs, 62 (98%) had significantly (P < 0.0001) higher CTSK expression levels in the stroma than in the epithelium (Table 1D) . Eighty-two tissue samples had CXCL14 expression levels both in the stroma and in the epithelium. Among the 31 discrepant pairs, 28 (90%) had higher CXCL14 expression levels in the stroma than in the epithelium, and this difference was also highly significant (P < 0.0001).
Finally, we compared the expression of CTSK in matched primary tumors and distant metastases. Interestingly, high CTSK expression was observed in the stroma of the primary tumor and bone metastasis, whereas liver metastases were essentially negative for CTSK expression (Fig. 3B) . These results are consistent with the proposed role of CTSK in osteolytic breast cancer bone metastases (13) .
In summary, CTSK expression in the stroma was frequently detected (at a + or ++ level) in various specimens of normal breast tissue and benign and malignant breast lesions (42% overall). CXCL14 expression in the stroma was seldom detected at this level (10% of specimens). The majority of CTSK and CXCL14-positive stromal cells were myofibroblasts, whereas a subset of DCIS-associated myoepithelial cells and leukocytes showed variable expression. Epithelial CTSK expression was rarely detected in invasive ductal carcinomas, whereas CXCL14 was expressed in the epithelial cells of a subset of DCIS and ADH tumors.
Associations between CTSK or CXCL14 expression and patient and tumor characteristics and clinical outcome. To determine if the expression of CTSK or CXCL14 correlates with clinical outcome, we did immunohistochemical analysis for invasive breast tumors with clinical follow-up data in the UMCC and the Korea data sets. Among the 146 patients included in the analysis for the Korea data set, 111 and 65 had CTSK and CXCL14 expression levels analyzed, respectively. The CTSK expression levels in stroma were dichotomized as being negative (-or +) or positive (++ or +++). When using the Fisher's exact test to assess the relationships between CTSK expression levels and tumor and patient characteristics, T stage (P = 0.02) and estrogen receptor (ER) status (P = 0.05) were significantly associated with CTSK positivity (Supplementary Table S3 ). Patients with T 1 stage tumors were more likely to be negative for CTSK than patients with T 2 /T 3 stage, whereas ER-negative tumors were more likely to be positive for CTSK than were ER-positive tumors. In the Korean data set, 18% of the 22 patients with T 1 tumors had positive CTSK in stroma versus 52% of the 87 patients with T 2 or T 3 tumors. In the UMCC data set, 37% of the 70 patients with T 1 tumors had positive CTSK in stroma versus 41% in the 59 patients with T 2 or T 3 tumors. In the Korean data set, 37% of the 60 ERpositive patients had positive CTSK in stroma versus 57% of the 51 ER-negative and unknown patients. In the UMCC data set, 38% of the 81 ER-positive patients had positive CTSK in stroma versus 34% of the 44 ER-negative patients. The differences between the two cohorts analyzed with respect to CTSK expression in tumor stage and hormone receptor status could potentially be due to differences in ethnicity and/or age. The evaluation of larger independent data sets would be necessary to determine if either of these variables could influence CTSK expression.
In the step-up logistic models for CTSK expression levels, T 1 stage was the most significant covariate to add to the model (P = 0.002, after adjusting for T stage unknown). With T 1 stage in the model, no other variable (including ER status) added significantly to this model. When including all the possible covariates in the logistic model, T 1 was still significantly associated with CTSK expression levels (P = 0.01), but ER status was not.
The CXCL14 levels were dichotomized as completely negative (-) versus positive at any level (+, ++, or +++). There was no significant association between this categorization of CXCL14 expression levels and tumor and patient characteristics using Fisher's exact test. The variable closest to significant was overall tumor stage; patients with stage III breast cancer were less likely to be completely negative for CXCL14 expression than stage I/II breast cancer patients (P = 0.13).
In the UMCC data set, there were 38% and 46% of patients with positive CTSK expression levels (defined as ++ or +++) in the stroma and in the epithelium, respectively. There was no significant association between CTSK expression and patient characteristics using Fisher's exact test (Supplementary  Table S4 ). In the step-up logistic models for CTSK expression levels in the stroma, N stage II/III was the covariate closest to significant (P = 0.07, after adjusting for N stage unknown). Patients with N stage II/III were less likely to have CTSK-positive stroma. As for CTSK expression levels in the epithelium, the covariate closest to significant was lobular or mixed lobular and ductal histology (P = 0.09). Patients with lobular or mixed lobular and ductal histology were less likely to have positive CTSK in epithelium than were patients with pure ductal or other histology. However, none of the above was statistically significant.
To determine if CTSK expression in the stroma or in the epithelium influences clinical outcome, we analyzed the association between CTSK levels and RFS in the UMCC data set (which had an overall median RFS of 107 months, with 72 RFS events and 55 patients with censored RFS) using a step-up Cox proportional hazards model. The covariates significantly associated with longer RFS, in the order added to the model, were age at diagnosis 48 to 59 years (the second quartile), disease stage I or II (versus III), prior radiotherapy, and progesterone receptor positive (see Supplementary Table S5) . Neither CTSK expression level in stroma nor CTSK expression level in epithelium was significantly associated with RFS, although there were enough failures to have f80% power to detect a hazard ratio of f2.2 for each of these variables (Supplementary Table S6) .
We also analyzed the relationship between overall survival (defined as time from diagnosis to death) and CTSK expression levels in the UMCC data set by using the log-rank test. The median overall survival was 122 months among the 127 patients with survival data available. No significant association was found (P = 0.51 and 0.75 for dichotomized CTSK in stroma and epithelium, respectively). Of the 127 patients with survival data available, 73 had died; 34 died of breast cancer, whereas 39 died of other causes. More than 50% of the deaths were due to reasons other than breast cancer.
Conclusions. The results of our study show that stromal CTSK expression promotes breast tumor epithelial cell invasion in vitro. In human breast tissues, stromal CTSK expression is elevated in association with invasive ductal carcinomas when compared with DCIS, underscoring the role of CTSK as a paracrine tumor progression factor. Furthermore, CTSK-positive stroma was associated with a higher tumor stage and a negative ER status, two features associated with worse clinical outcome. Based on these data, we hypothesize that CTSK-positive stromal fibroblasts may play a role in breast tumor progression by promoting extracellular matrix degradation and angiogenesis and by increasing the invasiveness of neighboring tumor epithelial cells. Thus, CTSK inhibitors may offer a novel therapeutic option to decrease breast tumor progression.
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